Graphite is now used extensively in most of the major fusion experiments in the world and will be used more extensively in future devices. In addition to its excellent tolerance of high heat fluxes, graphite has many unusual characteristics that pertain to its use as a plasma-facing material; these are its propensity for releasing gases when heated and when exposed to ion fluxes, its ability to absorb copious quantities of hydrogen during hydrogen bombardment, and its ability to pump hydrogen after noble gas bombardment.
I. INTRODUCTION
Among the outstanding general characteristics of graphite that make it suitable for use in fusion experiments are the following.
1.

2.
3.
4.
It becomes stronger as its temperature increases; its strength is unexcelled at very high temperatures. It has thermal and electrical characteristics usually associated with metals. It has excellent thermal shock resistance for a brittle material. It is highly inert to chemical attack at low to moderate temperatures.
In addition, graphite has many characteristics that can vary over a wide range. Table I shows the limits of variability for some of the more important characteristics pertinent to its use in fusion experiments. In general, the more isotopic the graphite, the better suited it is to structural, thermal, and elecmcal applications in fusion experiments. High isotropy dictates small grain size and generally leads to relatively large open porosity. To limit the absorbed gas and hydrogen uptake, very low porosity and internal surface area are desired. However, highly isotropic material has most often been selected because it is available in large quantities and different forms at relatively low cost and is easily machined. Table I . Pertinent graphite characteristics and limits of variability Graphite is considered one of the few materials suitable for plasma-facing components in magnetic fusion experiments. Its main advantages are its excellent hightemperature properties and its low atomic number (Z = 6). Its major disadvantages are its propensity for releasing gases when heated and when exposed to ion fluxes, its ability to absorb copious quantities of hydrogen during energetic hydrogen bombardment, and its erosion when exposed to hydrogen bombardment, especially at higher temperatures. This choice has led to problems in the areas of absorbed gas removal and hydrogen retention, especially with regard to tritium retention. This paper addresses mainly the areas of hydrogen retention and release, which are important in the operation and safety of fusion experiments. Section I1 presents some background material on graphite that is basic to the following discussions. Section I11 addresses the results of experiments that deal with the near-surface region, defined as the region between the surface and the end of the range for energetic hydrogen implantation. Section IV addresses the pore surface, and Sec. V discusses intragranular phenomena. Section VI presents the results of experiments in which hydrogen retention has been observed in sputtered carbon films deposited on the internal surfaces of experiments. Section VI1 discusses the questions that remain to be answered.
II. BACKGROUND
Since many of the experimental results are dependent on the type of graphite used in an experiment, a brief discussion of the various types of graphite is in order. Graphite is made up of carbon atoms arranged in a hexagonal pattern (see Fig.  1 ). The layers of carbon atoms (i.e., the basal planes) are In natural graphite, single crystals as large as a few centimeters have been found. Pyrolytic graphite can be produced by the pyrolysis of carbonaceous vapors (e.g., CH4) on a suitable substrate at temperatures near 2000°C. This results in layers with near-perfect alignment of the basal planes to the c-axis, but with considerable misalignment perpendicular to the c-axis. Crystals of this type can be quite large (a few centimeters). In general, both natural and pyrolytic graphite are highly anisotropic, have densities near the theoretical density of 2.26 g/cm3, and have very low porosity. In contrast, artificial graphite has crystallite sizes that can vary from one to a few hundred micrometers. These crystallites are formed into grains that are randomly oriented and connected by petroleum pitch that has been graphitized, that is, annealed at temperatures above 1700'C [3]. This leads to isotropy on a macroscopic scale and a large open porosity.
In an early experimental study [4], Montet documented qualitatively many of the phenomena studied quantitatively in recent years: a large amount of hydrogen (much greater than the amount taken up in the near-surface region) could be taken up by graphite under hydrogen bombardment; the amount taken up decreased with increasing temperature; sputtered carbon films created during hydrogen bombardment took up a considerable amount of hydrogen; annealing the graphite to 1OOO'C would thermally release most of the implanted hydrogen; and almost no helium was taken up when a discharge was run with helium. All of these findings have now been quantified and to a large extent explained by using models that fit the experimental data.
III. NEAR-SURFACE
The trapping and release of hydrogen from the nearsurface region of graphite have been studied extensively and are understood to a large degree, although some questions remain [5] . The near-surface region is defined as the region between the surface and the end of the range of the implanted ions. Graphite has been observed to retain all nonreflected hydrogen until a saturation concentration is reached in the implantation region; for room temperature, this concentration is -0.5 W C , as demonstrated by Langley et al. 161 for 8-keV D+ implantation into pyrolytic graphite at room temperature (see Fig. 2 ) and verified by other experimenters for other types of graphite [7, 8] . The implantation profile was initially observed to show a typical range-energy profile, but with increasing fluence the profiles spread toward the surface with increasing fluence once saturation was reached. This effect has been shown to be due to implant damage trapping [9-111. The damage due to implantation begins as twinning and proceeds to amorphization of the implant region. The critical fluence for amorphization is dependent on the incident ion, its energy, and the substrate temperature. For incident deuterium and helium ions, the transition from crystalline to amorphous varies with implantation temperature and with displacements per atom (dpa) [9] such that as the temperature increases the dpa level required for transition from crystalline to amorphous increases; at 1OO' C only about 1 dpa is needed, but at 5WC about 10 dpa is needed (see Fig. 3 ). The total amount of hydrogen retained at saturation depends directly on the range of the implanted ions and on the temperature of the substrate during implantation. The calculated ranges of energetic hydrogen, deuterium, and helium are shown in Fig. 4 as functions of energy for energies to 2 keV [12] . The profiles are rather 
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50eVand 150-eV curves, where the retention curves are lower than the 100% retention curve even for the lowest fluence. Saturation of the near-surface re ion occurs at a hydrogen fluence of about 2 x 10 l7 ,-' for 50-eV ions and increases with increasing energy. At implantation temperatures above 150'C, the saturation level decreases with increasing temperature; see Fig. 6 [13] . This can be attributed to the effects of thermally influenced detrapping and recombination [13, 14] . Since retention and release have been found to be dependent on thermal detrapping, ioninduced detrapping, temperature-dependent recombination, and inward pore-surface migration, it is not surprising that earlier experimental results were not thought to be consistent and were experiment dependent. retention of hydrogen, as observed in both laboratory experiments [18, 19] and tokamak experiments [20, 21] .
The replacement of hydrogen and deuterium in the nearsurface region has been studied [8, 15, 19] and successfully modeled with the local mixing model [20] . Detrapping is caused by the incident particles, and there is competition for the vacant trap by detrapped particles and implanted particles. It appears quite feasible to replace one hydrogen isotope with another in the near-surface region using a glow discharge, and this process could be used to reduce the tritium inventory in the near-surface region [8, 19] .
IV. PORE SURFACE
The retention of hydrogen in graphite has been studied extensively. Many of the results appear contradictory. The observed differences have been variously attributed to the state in which the hydrogen was introduced (atomic or molecular, neutral or ionized), to the grade of graphite used, and to the hydrogen detection technique. In addition, significant differences have been observed for the temperature dependence of the retention.
In 1959, Montet [4] reported significant retention of hydrogen in graphite-much more than could be accounted for by that retained in the near-surface region. Langley [22] quantified the amount retained as a function of incident fluence and flux over wide ranges and as a function of incident energy from 125 to 250 eV for room-temperature implantation and for artificial graphite (AXF-5Q). The percentage of hydrogen retained was found to remain constant with increasing fluence but to decrease with increasing flux, see Fig. 8 Causey et al. [24] , at temperatures between 23'C and 700'C the migration of hydrogen is dominated by surface diffusion on the internal porosity, while at temperatures above 700°C it is controlled by "transgranular" diffusion. Above 1200'C the thermal dissociation rate of hydrogen is very high, so just the presence of hydrogen gas can lead to significant retention. It should be stressed that V. INTRAGRANULAR VII. SUMMARY Diffusion and trapping of hydrogen in grains appears to be significant only at temperatures above 600'C. In addition, above 1200'C molecular hydrogen begins to thermally dissociate, so that the presence of hydrogen atoms no longer depends only on implanted ions and atoms. Causey et al.
[24] used the DIFFUSE code to model their results at temperatures between 700°C and 1500'C for the effects of both hydrogen ions and hydrogen gas. They obtained a saturation of about 1.6 x WC at 1200'C. In addition, a trap energy of 4.3 eV and a trap concentration of 1.7 x nap/C were obtained. In further work [26] , Causey estimated the diffusivity as D = 0.93 exp(-2.8 eV/kT) cm3.s.
VI. SPUTTERED FILMS Montet [4] observed that the amount of hydrogen taken up by sputtered carbon films was three to four times the amount found in the graphite cathode during a glow discharge experiment. Although no quantitative measurements of the amount of hydrogen in the film were made, it is obvious from the experimental parameters that the amount was quite large (i.e., much larger than the amount of hydrogen contained in the near-surface region). Subsequently, Hsu and Causey [25] studied the hydrogen content and thermal release of such films. They found that the properties of these fiims were very similar to those of the saturated near-surface layer described in Sec. 111 . In addition, they found that the amount of carbon sputtered was dependent on the plasma parameters and on the geometry of the experiment, especially the relative sizes of the anode, cathode, and intemal components exposed to the sputtered carbon. They refer to this hydrogen-rich sputtered film as a "codeposited" film. The hydrogen content of such a film is generally near 0.4 H/C but ranges from 0.2 to 0.6 WC. Thermal desorption of hydrogen from the codeposited film is very similar to that measured for the saturated near-surface region.
In fusion experiments, these codeposited fiims represent a potentially large sink for hydrogen and its isotopes. Recent estimates of in-vessel mtium inventories for TFlX [U] and CIT [B] predict that about 80% of the retained tritium will
The four major processes involved in hydrogen retention in graphite have been reviewed. These processes are saturation of the near-surface region, diffusion on surfaceconnected porosity, intragranular diffusion, and erosion of carbon with concomitant formation of codeposited hydrogen-carbon films. It has been suggested that in the retention of tritium in a fusion experiment the fourth process will dominate; therefore, from that point of view, it is the most important. To address the question of plasma fuel purity, more data are needed on ion-induced release of hydrogen isotopes by hydrogen isotopes and by heavier ions (e.g., carbon and oxygen) as a function of temperature.
Much work remains to be done before accurate predictions of hydrogen retention can be made. This needed work includes a definitive experiment to determine the diffusion and retention of hydrogen on surface-connected porosity as a function of flux, fluence, and temperature; a definitive experiment to differentiate between surfaceconnected porosity diffusion and intragranular diffusion; and better definition of the erosion processes that lead to codeposited films.
